Abstract Thiols (-SH) play various roles in biological systems. They are divided into protein thiols (PSH) and non-protein thiols (NPSH). Due to the significant roles thiols play in various physiological/pathological functions, numerous analytical methods have been developed for thiol assays. Most of these methods are developed for glutathione, the major form of NPSH. Majority of these methods require tissue/cell homogenization before analysis. Due to a lack of effective thiol-specific fluorescent/fluorogenic reagents, methods for imaging and quantifying thiols in live cells are limited. Determination of an analyte in live cells can reveal information that cannot be revealed by analysis of cell homogenates. Previously, we reported a thiolspecific thiol-sulfide exchange reaction. Based on this reaction, a benzofurazan sulfide thiol-specific fluorogenic reagent was developed. The reagent was able to effectively image and quantify total thiols (PSH+NPSH) in live cells through fluorescence microscopy. The reagent was later named as GUALY's reagent. Here we would like to report an extension of the work by synthesizing a novel benzofurazan sulfide triphenylphosphonium derivative [(((7,7′-thiobis(benzo[c][1,2,5]oxadiazole-4,4′-sulfon y l ) ) b i s ( m e t h y l a z a n e d i y l ) ) b i s ( b u t a n e -4 , 1 -d i y l ) ) bis(triphenylphosphonium) (TBOP)]. Like GUALY's reagent, TBOP is a thiol-specific fluorogenic agent that is nonfluorescent but forms fluorescent thiol adducts in a thiolspecific fashion. Different than GUALY's reagent, TBOP reacts only with NPSH but not with PSH. TBOP was effectively used to image and quantify NPSH in live cells using fluorescence microscopy. TBOP is a complementary reagent to GUALY's reagent in determining the roles of PSH, NPSH, and total thiols in thiol-related physiological/pathological functions in live cells through fluorescence microscopy.
Introduction
Thiols (-SH) play important roles in various aspects of cellular functions which include enzyme activity, signal transduction, cell division, cell protection against reactive oxygen and nitrogen species, and removal of reactive electrophiles [1] . Thiols are also the major contributor to cellular redox buffers [2] . Thiol concentration in biological systems can be affected by various normal and abnormal conditions including oxidation of thiols by oxidants such as reactive oxygen or nitrogen species, glutathionylation or nitrosylation of thiols under conditions of oxidative stress, and reaction of thiol groups with a reactive electrophile [3] . A decrease in thiol concentration has been linked to a number of cellular dysfunctions including changes in enzyme activities, membrane permeability, and energy production [4] [5] [6] [7] . Consequently, disturbances in thiol homoeostasis have been associated with aging and neuron degeneration diseases [8] [9] [10] [11] . Monitoring thiol status provides valuable information in understanding a thiol-related biochemical process or disease.
Structurally, thiols in biological systems can be divided into protein thiols (PSH) and non-protein thiols (NPSH). Although PSH are the predominant thiols in biological systems with a ratio of PSH to NPSH of approximately 3:1 [12] , Electronic supplementary material The online version of this article (doi:10.1007/s00216-017-0285-y) contains supplementary material, which is available to authorized users.
NPSH are most commonly measured to reflect thiol status. The major form of NPSH is glutathione (GSH). GSH is present in millimolar concentration under normal physiological conditions. Accordingly, GSH has been commonly measured to reflect thiol status in biological systems. Due to the significant roles thiols play in physiological functions and pathological conditions, numerous analytical methods have been developed to measure thiol concentrations [12] [13] [14] [15] [16] [17] [18] , especially the concentration of GSH [12] . Most of these analytical methods require tissue/cell homogenization before sample analysis. Methods available to monitor thiols in live cells using fluorescence microscopy are limited due to a lack of effective thiol-specific fluorogenic or fluorescent reagents.
Monitoring an analyte in live cells through fluorescence microscopy has been extensively used in biomedical and pharmaceutical research. Compared with most conventional analytical methods, imaging methods have the advantage of allowing visualization of the analyte in its intact and native physiological environment [19] and are able to reveal information that cannot be revealed by most conventional methods. The key in the successful imaging of an analyte in live cells is a reagent that can turn the analyte into a fluorescent compound. Quantification of the analyte through imaging is even more challenging since it requires the reagent to be highly selective (preferably specific) and able to completely turn all the analyte into the fluorescent compound for quantification. A limited number of reagents have been reported to image thiols in live cells through fluorescence microscopy. These reagents include monochlorobimane [20] , chloromethyl fluorescein, O-phthaldialdehyde, mercury orange [21, 22] , rosamine-based probes [22] , disulfide-based analogs [23] [24] [25] , and rhodamine-based porbes [26, 27] for thiol or GSH imaging. However, none of these reagents can be used to quantify thiols in live cells by fluorescence microscopy due to either a slow reaction rate leading to incomplete thiol derivatization or a lack of specificity toward thiols [21, 26, 28] .
We reported previously a thiol-specific thiol-sulfide exchange reaction [29] . Based on this reaction, a series of benzofurazan sulfide analogs were developed as thiol-specific fluorogenic reagents [29] . These reagents were not fluorescent and reacted specifically with thiols in a rapid and complete fashion to form fluorescent thiol adducts. One of these reagents, bis (7-nitrobenzo[c] [1, 2, 5] oxadiazol-4-yl)sulfane, was demonstrated to effectively image and quantify total thiols (PSH+NPSH) in live cells through fluorescence microscopy [29] . The reagent was later named as GUALY's reagent [30] .
Here, we report an extension of the work by synthesizing a novel benzofurazan sulfide triphenylphosphonium derivative [(((7,7′-thiobis(benzo[c] [1, 2, 5] oxadiazole-4,4′-sulfonyl)) b i s ( m e t h y l a z a n e d i y l ) ) b i s ( b u t a n e -4 , 1 -diyl))bis(triphenylphosphonium) (TBOP)]. TBOP was initially designed as a fluorogenic reagent for thiol imaging in mitochondria but abandoned due to insufficient fluorescence intensity derived from mitochondrial thiols. Like GUALY's reagent, TBOP was found to be non-fluorescent and formed fluorescent thiol adducts only after reacting specifically with thiols (Scheme 1); therefore, it is a thiol-specific fluorogenic reagent. The excitation and emission wavelengths of various TBOP-thiol adducts were found to be 380 and 520 nm, respectively. Different than GUALY's reagent, TBOP was found to react only with NPSH and not with PSH. TBOP was effectively used to image and quantify NPSH in live cells through fluorescence microscopy. The NPSH quantification was validated by GUALY's reagent and NPSH obtained from the cell homogenates. Together with GUALY's reagent, TBOP will be a valuable tool in exploring the roles of PSH, NPSH, and total thiols in thiol-related physiological/pathological functions in live cells using fluorescence microscopy.
Materials and methods

Materials and solutions
TBOP was synthesized in four steps from a commercially available starting materials. The synthesis of TBOP is presented as Electronic Supplementary Material (ESM). Sulfosalicylic acid (SSA) cell lysis solution was prepared as a 5% (w/v) solution in deionized water containing 0.1% (v/v) Triton X-100 [31] . TBOP's derivatizing solution was prepared from its stock solution (1 mM in acetonitrile) as a 0.1 mM solution in phosphate buffer (0.45 M, pH 7.9) containing 1.8% SDS. The 3% (w/v) SSA solution and stock solutions of GSH (10 mM) were prepared in deionized water. GUALY's reagent was synthesized according to a literature-reported procedure [29] . GUALY's derivatizing solution was prepared from its stock solution (1 mM in acetonitrile) as a 0.1 mM solution in a phosphate buffer (0.45 M, pH 7.9) containing 1.8% SDS.
Instrumentation
Low resolution mass spectra (LRMS) were obtained from a Thermoquest Finnigan LCQ Deca Mass Spectrometer. Fluorescence properties were obtained on a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA) or Perkin Elmer LS50B spectrometer (Perkin Elmer Ltd, UK). Fluorescence microscopy was obtained on an upright fluorescence microscope (Zeiss AXIO Imager A1) connected to a camera (AxioCam MRc5) (Zeiss, USA). HPLC analysis was carried out on a Beckman HPLC system equipped with a system gold 125 pumping module, a 508 autosampler, a 168 photodiode array detector, and Agilent 1100 series fluorescent detector. The HPLC condition employed an Alltech C4 column (150 mm × 3.0 mm i.d., 3 μm), solvent A (acetonitrile), and solvent B [aqueous solution with 0.1% (v/v) trichloroacetic acid]. Unless specified otherwise, the initial mobile phase started with solvent B with 5% solvent A for 2 min. Solvent A was then linearly increased to 70% in 11 min and then to 80% in 5 min. Solvent A was kept at 80% for an additional 3 min before being returned to 5% in 2 min. All flow rates were 0.5 mL/min. The injection volume was 30 μL. Two hundred fifty-four nanometers was employed as the detection wavelength for UV detection, 380 and 520 nm as the excitation and emission wavelengths for fluorescent detection.
Cell culture
NCI-H226 cells (human lung cancer) were obtained from the National Cancer Institute and grown in the RPMI 1640 growth medium supplemented with 10% FBS, 100 units/mL penicillin (Mediatech, Inc., Herndon, VA), and 100 μg/mL streptomycin (Mediatech, Inc., Herndon, VA) in a humidified atmosphere containing 5% CO 2 at 37°C.
Chemical stability TBOP's thiol adducts TBOP (250 μM) mixed with a thiol molecule (GSH, cysteine, or homocysteine, 50 μM) in the RPMI medium with 1% acetonitrile was stirred at 37°C in a water bath. Aliquots (20 μL) at different time were withdrawn for HPLC analysis.
Determination of TBOP as a thiol-specific reagent
The reaction of TBOP with NPSH and non-thiol amino acids was carried out in a Tris buffer (0.1 M, pH 7.4) with 2 mM EDTA and monitored by HPLC with a photodiode array detector or with a fluorescence detector. TBOP was mixed with an NPSH or a non-thiol amino acid at various concentrations and at different ratios for 20 min except serine which was mixed with TBOP for 8 h. Aliquots were withdrawn for HPLC/UV (20 μL) analysis or fluorescence analysis (100 μL) using the excitation and emission wavelengths determined below.
Determination of TBOP as a fluorogenic agent
The fluorescence property of TBOP and its thiol adducts with various thiol-containing amino acids was determined on a Perkin Elmer LS50B spectrometer. TBOP (20 μ%M) was mixed with 50 equiv of GSH, N-acetylcysteine (NAC), Scheme 1 TBOP as a thiol-specific NPSH selective fluorogenic reagent NAC methyl ester, cysteine, or homocysteine in a Tris buffer (0.1 M, pH 7.4) with 2 mM EDTA at 37°C for 20 min. The excitation and emission wavelengths were scanned using the spectrometer. Aliquots from the reaction of TBOP with GSH were further checked by HPLC with a photodiode array detector and HPLC with a fluorescence detector based on the excitation and emission wavelengths determined.
Reactivity of TBOP with PSH
Reactivity of TBOP with thiols in bovine serum albumin TBOP (2 μL, 5 mM) was mixed with bovine serum albumin (BSA; 98 μL, 1 mM) at room temperature for 20 min. BSA was precipitated with acetonitrile (300 μL). The supernatant was used for HPLC analysis for the released benzofurazan thiol A (Scheme 1).
Reactivity of TBOP with thiols in proteins from cell homogenates
NCI-H226 cells (5 × 10 6 ) were washed once with DPBS and homogenized by sonication with 3% SSA (1 mL) for 10 min. The cell homogenate was centrifuged at 14,000 rpm at 4°C for 5 min. The supernatant was removed, and the protein precipitates were washed once with 3% SSA (1 mL) and resuspended in 1 mL 3% SSA solution. One third of the cell suspension was centrifuged at 14,000 rpm at 4°C for 5 min. The protein precipitates were added with 130 μL of a Tris buffer (0.1 M, pH 7.4) and TBOP (50 μM). The mixture was allowed to react at room temperature for 20 min. Proteins were removed by precipitation using acetonitrile, and the supernatant was subjected to HPLC analysis for the released benzofurazan thiol A (Scheme 1).
NPSH imaging and quantification in live cells with TBOP
NCI-H226 cells were plated at a density of 50,000 cells/well on a 15-mm-diameter microscope cover glass placed in a well of a 12-well plate in RPMI 1640 growth medium. The cells were allowed to attach at 37°C in a humidified atmosphere of 5% CO 2 . After 24 h attachment, cells were treated with different concentrations of N-ethylmaleimide (NEM), a thioldepleting reagent [32] , to modulate intracellular thiol concentration. The NEM-containing medium was removed and the cells were washed once with PBS, followed by the addition of the growth medium containing 10 μM TBOP (1 mL/well). After a 2-h incubation at 37°C in a humidified atmosphere of 5% CO 2 , the TBOP containing medium was removed, and the cells were washed once with 1 mL of PBS. The cover glasses were carefully removed from the well with forceps and placed on a microscope slide, which were mounted with a solution of 9:1 glycerol-PBS. The samples were protected from light with aluminum foil during the experiment. The fluorescence images were obtained using a ×20 objective and DAPI filter set on an upright fluorescence microscope. The images were captured at an exposure of 150 ms and saved as 16-bit gray scale files. The fluorescence images were processed by ImageJ (http://rsbweb.nih.gov/ij/) [33] . The fluorescence intensity was measured by the "analyze/ measure" function of ImageJ with the threshold segmentation. Fluorescence intensity for each sample was obtained using an average of six different locations per slide and a minimum of 20 cells/location. The fluorescence from the sample treated with 300 μM NEM was used as a background and subtracted from that of each sample since 300 μM NEM was found to block all thiols in cells.
Validation of NPSH imaging with TBOP by GUALY's reagent
NPSH imaging and quantification with TBOP in live cells were validated by a literature-reported method using GUALY's reagent with minor modification [30] . Briefly, NCI-H226 cells were treated with NEM in the same way as described above in a 12-well plate except no cover glass was used. After NEM treatment for 3 h, the NEM-containing medium was removed and the cells were washed once with DPBS; SSA cell lysis solution (0.2 mL) was added to each well, and the plate was shaken on a microplate shaker at room temperature at speed 6 for 10 min. The plate was then centrifuged for 10 min at 4000 rpm at 4°C to remove protein precipitates. The supernatant (40 μL/well), which contained NPSH, was transferred to a 96-well plate and added with GUALY's derivatizing solution (10 μL/well). The plate was covered with aluminum foil and shaken for an additional 10 min on a microplate shaker at speed 6 before the fluorescence intensity was read on a SpectraMax M2 microplate reader using 430 and 520 nm as λ ex and λ em with a cutoff wavelength of 495 nm for NPSH quantification as reported [30] .
Results and discussion
Characterization of TBOP as a thiol-specific reagent for NPSH Characterization of TBOP as a thiol-specific reagent for NPSH was achieved through determination of TBOP's reactivity with NPSH (specifically GSH, cysteine, and homocysteine) vs the reactivity toward common biologically relevant nucleophilic functional groups other than thiols. These common biologically relevant nucleophilic groups mainly include -OH, -NH 2 , and COOH. The employed model compound with these common nucleophilic functional groups was serine. The reactivity was further checked with various non-thiol amino acids. TBOP was demonstrated to react only with thiols. The details are presented below.
Reactivity of TBOP toward NPSH
The reactivity of TBOP (50 μM) with NPSH was initially determined with GSH at a 1:1 molar ratio and monitored by HPLC/UV. TBOP completed the reaction in 5 h at room temperature (Fig. 1a) . The rate was much slower than GUALY's reagent, which completes the same type of reaction in 5 min [29] . To check whether the reaction could be facilitated by using an excessive amount of TBOP, we conducted a reaction by using a 5:1 molar ratio of TBOP/GSH [TBOP (250 μM)/ GSH (50 μM)] and found the reaction was completed in 20 min.
Next, the products of the reaction of TBOP with GSH were characterized. As shown in Scheme 1, TBOP is expected to react with GSH to form a GSH thiol adduct and to release benzofurazan thiol A. A reaction was conducted in which GSH (2.5 mM) was mixed with TBOP (50 μM) in a 50:1 molar ratio for 20 min to ensure a completion reaction. At the end of the reaction, an aliquot was analyzed by HPLC. The HPLC chromatogram demonstrates that the peak for TBOP disappeared and two major new peaks formed (17.558 and 19.942 min, Fig. 2A ). Mass characterization of the fractions collected from these two peaks revealed that they matched the molecular weight of the expected GSH thiol adduct (m/z 835) (17.558 min) and benzofurazan thiol A (m/z 562) (19.942 min) (insert of Fig. 2Aii) . The results confirmed that the reaction of TBOP with a thiol was a clean reaction that yielded the expected thiol adduct and benzofurazan thiol A; the same type of reaction as observed in the reaction of a thiol with GUALY's reagent [29] . We then proceeded with the reaction of TBOP with cysteine and homocysteine. Both cysteine and homocysteine reacted with TBOP in a similar manner to yield the cysteine thiol adduct and homocysteine thiol adduct, respectively, but at a slower rate. At a TBOP/thiol ratio of 5:1, the reaction was completed in about 20 min for GSH and 80 min for both cysteine and homocysteine as monitored by HPLC/UV (Fig. 1b) . The thiol adducts of TBOP derived from GSH, cysteine, and homocysteine were stable over the 200 min period (Fig. 1b) . It is not clear why cysteine and homocysteine reacted more slowly than GSH. One possible explanation is that GSH contains two carboxylic acid groups while cysteine and homocysteine contain only one carboxylic acid. This additional carboxylic acid in GSH provides an additional anion to attract the positively charged TBOP which may help facilitate the reaction.
Reactivity of TBOP toward common biologically relevant nucleophilic functional groups other than thiol
The reactivity of TBOP with other nucleophilic groups (-OH, -NH 2 , and -COOH) was checked by employing the amino acid serine as a model compound. When TBOP was mixed with 50 equiv of serine at 37°C, no reaction was observed by HPLC/UV for up to 8 h revealing that TBOP did not react with -OH, -NH 2 , and -COOH. The reactivity was further checked with various nonthiol amino acids. These amino acids included acidic, basic, and neutral amino acids as well as amino acids containing a hydroxyl group or phenol group. When TBOP was mixed with 50 equiv of these amino acids (tryptophan, lysine, valine, glycine, glutamic acid, arginine, and tyrosine) for 20 min at 37°C, no disappearance of TBOP was observed by HPLC/UV, and no new peaks appeared either confirming that TBOP did not react with these non-thiol amino acids (data not included). An additional piece of evidence for no reaction between TBOP and these non-thiol amino acids was obtained through fluorescence monitoring. No fluorescence was observed when TBOP was mixed with 50 equiv excess of these non-thiol amino acids in a 96-well plate while strong fluorescence was observed when mixed with GSH (Fig. 1c) . These data confirm that TBOP is a thiol-specific derivatizing agent.
Characterization of TBOP as a fluorogenic reagent
The fluorogenic nature of TBOP was determined by checking the fluorescence properties of TBOP and its thiol adducts derived from GSH, NAC, NAC methyl ester, cysteine, and homocysteine. TBOP exhibited minimal fluorescence while its thiol adducts were all fluorescent with different intensities confirming that TBOP is a fluorogenic reagent (Fig. 1d) . The thiol adduct derived from NAC methyl ester exhibited the strongest fluorescence, followed by homocysteine and GSH. The thiol adducts derived from cysteine and NAC exhibited relatively weak fluorescence (Fig. 1d) . The excitation and emission wavelengths for all the thiol adducts were the same with λ ex and λ em at 380 and 520 nm (Fig. 1d) , respectively, suggesting these two wavelengths are appropriate for detection of thiols in biological systems.
The fluorogenicity of TBOP was further confirmed by HPLC using GSH as a model thiol compound. When TBOP (50 μM) was mixed with GSH (2.5 mM) for 20 min, the HPLC/UV chromatogram shows a strong peak for TBOP (Fig. 2Ai) and peaks from the GSH thiol adduct and benzofurazan thiol A (Fig. 2Aii) . However, the HPLC chromatograms derived from fluorescence detection (λ ex = 380 nm, λ em = 520 nm) showed only one strong peak that is the GSH thiol adduct (Fig. 2Bii ) with no peak observed for TBOP (Fig. 2Bi) , further confirming that TBOP is a fluorogenic reagent. Benzofurazan thiol A also exhibited no fluorescence (Fig. 2Bii) .
Reactivity of TBOP toward PSH
Unexpectedly, we found that TBOP did not react with PSH. Since it is difficult to monitor thiol adducts of PSH, the reactivity of TBOP with PSH was checked through the detection of the released benzofurazan thiol (benzofurazan thiol A, Scheme 1) and the remaining TBOP by HPLC. BSA is known to contain 35 thiol groups/molecule [12] and was used as a model protein. When TBOP (100 μM) was mixed with BSA (1 mM) in a TBOP/BSA thiol ratio of 1:350 in a Tris buffer (0.1 M, pH 7.4) for 20 min, we were surprised to find that there was no release of benzofurazan thiol A. At the same thiol/TBOP ratio (350:1), NPSH (GSH, cysteine, and homocysteine) completed the reaction with TBOP instantly (data not shown). We also reversed the ratio (BSA thiol/ TBOP = 1:350). No reaction was observed either (data not shown). Figure 3A presents the HPLC chromatogram of pure TBOP while the chromatogram in Fig. 3B was obtained from a reaction mixture of TBOP with BSA for 20 min. The released benzofurazan thiol A should appear at 14.833 min as shown in Fig. 3C which was obtained from a reaction mixture of GSH with TBOP. As expected, the reaction of GSH and TBOP yielded two products: the GSH thiol adduct (m/z 835.35) and benzofurazan thiol A (m/z 562.26); both were confirmed by the mass spectrum of the reaction mixture (insert of Fig. 3C ). The peak for benzofurazan thiol A at 14.833 min was not present in Fig. 3B . The retention time of the major peak at 17.433 min in Fig. 3B appeared slightly different than that of TBOP (17.225 min) in the chromatogram of Fig. 3A . However, the mass spectrum determination of the fraction collected from the peak at 17.433 confirmed that this peak was still the peak of TBOP (m/z 545.54 in the insert of Fig. 3B ) suggesting that there was no reaction between BSA The initial 2 min was solvent B with 10% solvent A. Solvent A was then linearly increased to 70% in 11 min, and then further increased to 90% in 5 min and kept at 90% for an additional 3 min before back to 10% in 2 min and TBOP. The HPLC chromatogram in Fig. 3D was obtained from BSA alone.
To further confirm that TBOP does not react with PSH, protein precipitates separated from cell homogenates were employed. A similar phenomenon was observed. When protein precipitates derived from 5 million NCI-H226 cells were mixed with TBOP (50 μM) for 20 min, no release of benzofurazan thiol A was observed. The HPLC chromatograms in Fig. 3E and F were obtained from TBOP alone and the reaction mixture of TBOP with protein precipitates, respectively. The TBOP retention time was not the same as that in Fig. 3A due to a slight difference in the HPLC mobile phase. Mass spectrum determination of the fraction collected from the peak at 16.383 min of the chromatogram in Fig. 3F confirmed that this peak was still TBOP. We also checked the possibility of whether a failure to detect the released benzofurazan thiol A was due to protein absorption of the released benzofurazan thiol. Extensive extraction of the protein precipitates with acetonitrile was conducted. Again no benzofurazan thiol A was detected by HPLC. It should be noted that protein thiols from both BSA and protein homogenates were readily detectable by GUALY's reagent [30] . The possibility of a lack of reaction due to protein absorption of TBOP, which would lead to no free TBOP in the solution and no reaction with PSH, was also ruled out by adding GSH to a reaction solution of BSA and TBOP. The fluorescent GSH adduct was detected the moment GSH was added confirming the presence of free TBOP in the reaction solution.
Based on these results, we concluded that TBOP does not react with PSH. This conclusion was further confirmed by validation using GUALY's reagent: the NPSH quantified in live cells by TBOP matched well with that determined by GUALY's reagent (Fig. 4 and Table 1 ). It is not clear why TBOP reacts with NPSH but not PSH at this point. One of the possible explanations is the steric hindrance posted by the large TBOP molecule. This steric hindrance might prevent the molecule from a reaction with a thiol in proteins.
NPSH imaging and quantification with TBOP in live cells
Optimal TBOP concentration, cell number, and incubation time for NPSH imaging in live cells NCI-H226 cells, a human lung cancer cell line, were employed as the cell model for the study. This cell line was employed in our previous study for total thiol imaging and quantification in live cells using GUALY's reagent [29] . The cells were treated with increasing concentrations of TBOP in order to identify an optimal TBOP concentration that would completely derivatize all NPSH in live cells with a minimal cytotoxicity. Trypan blue assay was employed to determine the cell viability. It was found that TBOP caused a significant toxicity to cells at a concentration higher than 20 μM. The cell viability was found to be 94% ± 6% (n = 3) when cells were treated with 10 μM TBOP for 2 h at 37°C. Later, it was found that this condition was enough to derivatize NPSH in 50,000 cells since an increase of fluorescence continued for 2 h before a fluorescence plateau was observed. Therefore, treatment with TBOP at 10 μM for 2 h at 37°C was employed to image NPSH in live cells. We have not checked the viability of normal cells treated with TBOP at the same condition. The toxicity probably would vary depending on the division rate and type of cells.
Modulation of intracellular thiol by NEM
To determine whether TBOP can be used to monitor a change in thiol concentration, NEM was employed to modulate intracellular thiol concentration. NEM has been used to modulate intracellular thiols (both PSH and NPSH) through depletion of intracellular thiols by covalent bond formation with a thiol group [32] . Preliminary data revealed that cell detachment occurred when cells were treated with NEM for longer than 4 h. No cell detachment was observed when cells were treated with NEM for 3 h. Also, no further depletion of intracellular thiols was observed once NEM concentration was above 300 μM indicating that NEM at 300 μM was high enough to block all thiols. Therefore, the fluorescence for cells treated with 300 μM NEM was used as the background fluorescence, and NEM at concentrations below 300 μM were employed to modulate intracellular thiols.
Photostability of TBOP thiol adducts in live cells
The fluorescence stability of thiol adducts in live cells was checked by exposing the sample to light under fluorescence microscopy. It was found that the fluorescence intensity of the sample derived from NCI-H226 cells treated with TBOP (10 μM for 2 h at 37°C) decreased over time and lost ∼50% in 120 s when exposed to light suggesting that the sample should be protected from light for thiol imaging and quantification. The fluorescence was stable when the samples were covered with aluminum foil. Nevertheless, the photostability is comparable to FITZ [34] that is a commercially available and most widely used fluorescence labeling reagent.
NPSH imaging and quantification in live cells with TBOP
After establishment of the optimal conditions and NEM thiol modulating conditions, experiments were conducted to determine whether TBOP could be used to image and quantify a change of NPSH in live cells. The change in intracellular NPSH was achieved by pre-incubating cells with NEM before NPSH imaged by TBOP. Pretreatment of cells with different concentrations of NEM provided cells with different 100.00% ± 4.09% 83.29% ± 1.50% 83.57% ± 2.11% 81.69% ± 6.10% 66.64% ± 2.52% 71.53% ± 7.93% 54.88% ± 4.01% 47.57% ± 3.81% 33.55% ± 5.57%
Data are presented as the percentage of control in which cells were treated with no NEM. Data are from one representative experiment of a triplicate a n = 6 spots from the same sample b n = 3 wells from the same plate intracellular thiol concentrations. Figure 4 presents representative images derived from NPSH imaging by 10 μM TBOP at 37°C for 2 h in live cells pre-treated with 0, 4, 6, and 10 μM NEM. As shown in the figure, fluorescence intensity decreased in cells pre-treated with an increase in NEM concentration revealing that TBOP could detect a change in intracellular NPSH effectively. Compared with the cells treated with no NEM, the relative fluorescence intensities were 86.3, 63.1, and 28.9% for cells pre-treated with 4, 6, and 10 μM NEM, respectively. Table 1 is the tabular presentation of the relative fluorescence intensity produced from a reaction of TBOP with NPSH in cells pre-treated with eight different concentrations of NEM. As shown in the table, TBOP readily detected changes in NPSH produced by NEM.
Validation of the live cell NPSH imaging method
To validate the quantification of NPSH by TBOP, an experiment was designed to check whether the quantification matched the quantification by GUALY's reagent. GUALY's reagent was effectively used to quantify NPSH obtained from cell homogenates in a 96-well plate [30] . In this experiment, a 12-well plate was used in order to be consistent with the plate type used for NPSH imaging with TBOP. As presented in Fig. 4 and Table 1 , the percentages of NPSH determined by TBOP through live cell imaging match well (less than 5% difference) with most of the percentages determined by GUALY's reagent with a plate reader method, though a greater than 10% difference was observed for NEM concentration at 5 and 7 μM (Table 1 ). These data confirm that the TBOP imaging method is a valid method for NPSH quantification.
Conclusion
In summary, a fluorescent probe TBOP was developed for the detection and quantification of NPSH in live cells through fluorescence microscopy. TBOP is thiol specific, fluorogenic, and exhibits good selectivity toward NPSH. The compound also has an excellent water solubility and demonstrates good cell permeability and low toxicity at the concentration employed. TBOP serves as a complimentary reagent to GUALY's reagent that can determine total thiols in live cells through fluorescence microscopy [29] . Together with GUALY's reagent, TBOP will be a valuable tool in exploring the roles of PSH, NPSH, and total thiols in thiol-related physiological/pathological functions in live cells using fluorescence microscopy.
